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(57) A multi-cycle, non-parallel DES encryption 
scheme that supports CBC, OFB, CFB, and ECB modes 
of operation. Three independent cipher stages are cou- 
pled together in series in order to implement a high- 
speed DES core. Sixteen cipher operations are required 
for DES encryption and decryption. Hence, the data is 



routed through the DES core five times. On the sixth 
pass, the encrypted/decrypted data is taken from the 
output of the first cipher stage. This output can then be 
used to encrypt/decrypt any subsequent input data. A 
different key is supplied to each of the cipher stages for 
each cycle. 
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Description 

Technical Field 

The present invention relates to the field of encryp- 
tion engines. More specifically, the present invention 
pertains to a multi-cycle, non-parallel DES encryption 
scheme. 

Background Art 

Encryption is the act of transforming data into a form 
that is unrecognizable by an unauthorized party. Often, 
the encrypted data has the characteristics of a pseudo 
random number. Decryption is the act of returning this 
transformed data back into its original form. Generally, 
decryption is readily accomplished by an authorized us- 
er possessing knowledge of a secret, referred to as a 
"key." Thereby, successful data encryption maintains 
the privacy of the user by preventing unauthorized 
eavesdroppers from determining the content of the data. 
Without knowledge of the secret key, decryption is vir- 
tually impossible and breaking the code requires an ex- 
traordinary amount of time and computational resourc- 
es. In current practice, secure private communication, 
especially over computer networks or digital phone lies, 
relies on encryption of the transmitted data. This is done 
to ensure the privacy and accuracy of the data being 
transmitted. For example, it is critical that financial ex- 
changes (e.g., electronic money transfers from banks), 
military data, commercial transactions (e.g., airline res- 
ervations and ticket purchases), etc., be tamperproof 
and kept is strict confidence. 

There exist many different strategies and methods 
for encrypting data. Generally, the more secure the en- 
cryption scheme, the longer it takes to perform the en- 
cryption/decryption. One encoding scheme that has 
gained widespread popularity and support is known as 
the Data Encryption Standard (DES). DES is a crypto- 
graphic encryption protocol adopted as a standard by 
the federal government and the American National 
Standards Institute. It has continued to serve as a fed- 
eral standard up to the present date and is used exten- 
sively in business applications. Relevant documents de- 
scribing DES include the National Bureau of Standards 
FIPS PUB 46 "Data Encryption Standard" (1977), FIPS 
PUB 81 "DES Modes of Operation" (1980), and FIPS 
PUB 74 "Guidelines for Implementing and Using the 
NBS Data Encryption Standard" (1981). Other relevant 
government documents include FIPS PUB 112 and 113, 
which specify DES use for password encryption and 
computer data authentication, respectively The DES 
standard is unclassified and hence less formal explana- 
tions of the standard can also be found in standard pub- 
lic texts such as the book "Applied Cryptography" by 
Bruce Schneier. Currently, responsibility for reviewing 
DES and authenticating DES implementations lies with 
the National Institute of Standards and Technology 



(NIST) and the National Security Agency (NSA). 

DES encrypts blocks of 64 bit plaintext input into 
blocks of 64 bit ciphertext by using a 56 bit key. The 
same key is used in both the encryption and decryption 

5 stage. The previously mentioned FIPS PUB 81, speci- 
fied four modes of operation for DES: Electronic Code- 
book (ECB), Cipher Block Chaining (CBC), Output 
Feedback (OFB), and Cipher Feedback (CFB). The pri- 
mary difference between these four modes is the effect 

70 one block can have on the encryption of subsequent 
blocks. In ECB mode, each 64 bit is encoded independ- 
ently. In the other modes, previous blocks may also play 
a role in the encryption and hence : determine the cipher- 
text for a given block. As a result, the ECB mode is more 

15 vulnerable to attackf rom an adversary whereas the oth- 
er modes are more secure. 

An advantage to using the ECB mode, however, is 
that it can deliver high encryption/decryption speeds. 
ECB can be implemented to run in parallel on a multi- 

20 processor machine or on multiple machines. This is ac- 
complished by splitting the initial data into separate 
parts. Each individual part may then be processed si- 
multaneously amongst the multiple processors, where- 
by each processor encodes its part independently. This 

25 allows for data to be encrypted and decrypted at ex- 
tremely fast rates. The ability to encrypt/decrypt data at 
high speeds is important for a variety of real-time appli- 
cations : such as voice communication and video tel- 
econferencing. Furthermore, fast encryption/decryption 

30 is highly desirable for client-server applications where 
there is heavy traffic between networked personal com- 
puters accessing and updating data stored in a common 
database. 

Unfortunately, the CBC, OFB : and CFB modes can- 

35 not take advantage of parallel processing because of 
the interdependences between sequential blocks of da- 
ta. In other words, one block of data is encrypted/de- 
crypted according to a previously encrypted/decrypted 
block of data. Because of this feedback, randomness (i. 

40 e. ; entropy) is added to the encrypted data stream. In 
the past, designers have attempted to increase the en- 
cryption/decryption speed for these modes by incorpo- 
rating additional circuitry. However, it may take a longer 
time for signals to propagate through the additional cir- 

45 cuitry. Hence, the design of fast sequential hardware for 
DES remains an important technical problem. Further- 
more, this approach is quite expensive because the ad- 
ditional circuitry also makes the die size larger. A larger 
die size directly translates into higher costs because 

50 less dies (i.e., semiconductor chips) can be fabricated 
from a given wafer. Moreover, prior art designs were 
specifically tailored to a single mode of operation. As a 
result, a design typically could not handle but only one 
mode of operation. 

55 Thus, there is a need for a high-speed DES encryp- 
tion and decryption mechanism that operates across all 
modes of operation. It would be preferable if such a 
mechanism were to operate at high speeds and were 
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also cost effective to implement. The present invention 
offers such a solution. The present invention pertains to 
a novel hardware architecture for the implementation of 
a DES system which can be used in conjunction with all 
possible DES modes (ECB, CBC, OFB, and CFB) and 
which has a high throughput. These and other advan- 
tages of the present invention will become apparent 
within discussions of the present invention herein. 

SUMMARY OF THE INVENTION 

In one broad aspect, disclosed herein is a method 
for encrypting comprising: inputting data to a first cipher 
stage of a plurality of cipher stages, wherein data is en- 
crypted in at least one cipher stage, feeding back an out- 
put from one of the cipher stages; cycling through at 
least a portion of the plurality of cipher stages; selecting 
from one of the plurality of cipher stages as a final en- 
crypted data for output. 

DISCLOSURE OF THE INVENTION 

The present invention pertains to a multi-cycle, non- 
parallel DES encryption/decryption scheme that sup- 
ports different modes of operation. In the currently pre- 
ferred embodiment; three independent cipher stages 
are coupled together in series in order to implement a 
high-speed DES core. Since sixteen cipher operations 
are required for DES encryption or decryption, the input 
data is routed through the DES core five complete times. 
On the sixth pass, the encrypted/decrypted data is taken 
directly from the output of the first cipher stage. A unique 
key is supplied to each of the cipher stages during each 
cycle. In CBC, OFB, and CFB modes of operation, the 
final encrypted/decrypted data can be used in the en- 
cryption/decryption of subsequent data by applying an 
XOR function. A multiplexer is used to select either the 
output from the XOR or the output from the third cipher 
stage as an input to the first cipher stage. However, in 
the ECB mode, the XOR is bypassed, and subsequent 
data is fed directly to the first cipher stage. It should be 
noted that the present invention contemplates using dif- 
ferent combinations and numbers of cipher stages, 
feedback paths, and output taps. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The accompanying drawings, which are incorporat- 
ed in and form a part of this specification, illustrate em- 
bodiments of the invention and, together with the de- 
scription, serve to explain the principles of the invention: 

Figure 1 represents a standard model for a key- 
based encoding device using a single key. 

Figure 2 is a flowchart describing the steps of how 
a message is transformed into the corresponding ci- 
phertext. 

Figure 3 illustrates a detailed example of the func- 
tionality of the DES encryption process. 



Figure 4 is a block diagram showing the important 
features of a standard hardware implementation of the 
DES encryption scheme in CBC mode. 

Figure 5 shows a block diagram of the currently pre- 
5 ferred embodiment of the DES implementation of the 
present invention. 

Figure 6 shows a circuit diagram of an exemplary 
dpher stage. 

Figure 7 illustrates an exemplary computer system 
70 700 upon which the present invention may be imple- 
mented or practiced. 

BEST MODE FOR CARRYING OUT THE INVENTION 

15 in the following detailed description of the present 
invention, numerous specific details are set forth in or- 
der to provide a thorough understanding of the present 
invention. However, it will be obvious to one skilled in 
the art that the present invention may be practiced with- 

20 out these specific details or by using alternate elements 
or methods. In other instances well known methods, 
procedures, components, and circuits have not been 
described in detail as not to unnecessarily obscure as- 
pects of the present invention. 

25 The present invention provides a novel hardware 
design and implementation for a standard encryption 
scheme, the Data Encryption Standard. This invention 
will provide encryption for secure private communica- 
tion at high speeds with a throughput of at least 355 

30 Megabits per second for the CBC mode. The success 
of the present invention will allow faster DES hardware 
to be used in a wide range of applications at an accept- 
able cost. Following standard terminology, when ad- 
dressing the encryption process, the original message 

35 shall be referred to as plaintext, and the encrypted mes- 
sage shall be referred to as the ciphertext. An unauthor- 
ized user attempting to decrypt ciphertext shall be re- 
ferred to as an adversary. 

Figure 1 represents a standard model for a key- 

40 based encoding device using a single key. The mes- 
sage, or plaintext 100, undergoes encryption based on 
a key 105 and an encryption method 110. The key is 
chosen by the user and must be kept secret. The secu- 
rity of the encoding depends upon the secrecy of the 

45 key. The resulting output from the encoding is referred 
to as the ciphertext 115. With knowledge of the key 1 05 
and the proper decryption algorithm 120, the ciphertext 
can be transformed back into the original plaintext 125. 
This paradigm can be applied universally in a wide 

50 range of settings using a variety of underlying hardware 
or software schemes. 

The Digital Encryption Standard, or DES, is an ex- 
ample of a key-based encryption scheme using a single 
key. Figure 2 is a flowchart describing the steps of how 

55 a message in step 200 is transformed into the corre- 
sponding ciphertext. The message is taken to be in bi- 
nary form, step 205. The user is assumed to have cho- 
sen a 56 bit secret key, step 210. The message is en- 
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coded in 64 bit blocks, step 21 5. An encoded 64 bit block 
produces at 64 bit output block, step 220. Since only 64 
bit blocks are acceptable, if the last block is not 64 bits 
in length, it is generally padded with some regular pat- 
tern (a sequence of O's, for example). The 64 bit blocks 
are encoded until the entire initial message is encoded, 
step 225. Next, the output blocks are concatenated to 
form the final encoded message, step 230. It should be 
noted that an encoding can also produce some state in- 
formation which can be used in the encoding of subse- 
quent blocks, step 220. This step is described in detail 
in the documentation specifying the DES standard. For 
example, in electronic codebook (ECB) mode, no such 
state information is used; each block is encoded inde- 
pendently. In cipher block chaining (CBC) mode, the 
plaintext is XORed with the previous ciphertext block be- 
fore it is encrypted. The decryption method is entirely 
similar and is accomplished using the same key that is 
used for the encryption. 

Figure 3 illustrates a detailed example of the func- 
tionality of the DES encryption process. The user has a 
plaintext message 300 to be encoded. The plaintext 
message is divided into 64 bit blocks P1, P2, etc., as 
indicated by 305 and 310. The 64 bit blocks are encoded 
sequentially into apparently random 64 bit strings E1, 
E2, etc., as shown by reference numerals 31 5 and 320. 
Finally, the encoded output consists of the concatena- 
tion of the strings E1 , E2 ; and so on. 

Figure 4 is a block diagram showing the important 
features of a standard hardware implementation of the 
DES encryption scheme in CBC mode. The plaintext in- 
put to the DES hardware consists of a 64 bit block 405. 
There are sixteen rounds of identical operations. Each 
of these sixteen identical rounds shall be referred to as 
a cipher stage 425 and 430. The result from one cipher 
stage is used as the input to the next cipher stage for 
the second to the sixteenth stage 445. The determina- 
tion of whether the input to the cipher stage 425 should 
come from the plaintext 405 or the last cipher stage out- 
put 445 is determined by a multiplexer 415 that passes 
the result to the appropriate input register 420. After six- 
teen cipher stages, the resulting yields the output ci- 
phertext block 440. In the CBC mode, the output cipher- 
text is combined with the next 64 bit block 435 using an 
exclusive or (XOR) operation 41 0. Other modes and de- 
cryption use the same principle architecture. For exam- 
ple, In the ECB mode, the XOR operation 41 0 is simply 
bypassed altogether. 

In standard implementations, each cipher stage 
takes one cycle. Here, a cycle refers to a unit of time in 
which the underlying machine can perform one opera- 
tion. The actual clock time for a cycle varies from ma- 
chine to machine. Because all cipher stages are similar 
in standard implementations, the hardware for only one 
cipher stage 425 is shown. The cipher operation is re- 
peated sixteen times using the same hardware 430. For 
each cyde, the input to the cipher stage is determined 
by the outputfromthe previous cipher stage. This stand- 



ard methodology reduces the overall hardware cost and 
silicon area required by having only one cipher stage. 
The drawback is that this methodology induces speed 
limitations, because sixteen cipher stages in sixteen dif- 

5 ferent cycles are required. 

The present invention differentiates itself with a 
novel architecture that circumvents the speed limitation 
of the standard implementation. Figure 5 shows a block 
diagram of the currently preferred embodiment of the 

70 DES implementation of the present invention. All of the 
different modes of operation may be practiced on this 
implementation. Furthennore, this same principle archi- 
tecture can be used to decrypt any received data that 
had been DES encrypted. Initially, the plaintext data 500 

15 is used as the input 51 5. In CBC mode, the plaintext will 
first undergo an exclusive or (XOR) operation with the 
previous ciphertext output by XOR gate 505. The 
present invention uses three cipher stages per cycle 
520, 525, 530 in place of the single cipher stage of the 

20 standard architecture 415. Hence, only six cycles 545 
(i.e., five full cycles and the output is pulled from the first 
cipher stage 520 in the sixth cyde) are required in place 
of sixteen. A multiplexer 510 in the system keeps track 
of how many cycles have been completed and hence 

25 whether the data to be fed to the input register 515 
should come from the plaintext input 500 or the last ci- 
pher stage 530. On the sixth cyde, the output register 
535 is loaded with the output from the first cipher stage 
520, and this is produced as the output 540. Note that 

30 the five complete cycles and the sixth partial cycle yields 
sixteen cipher stages, as prescribed by the DES stand- 
ard. 

Since the invention implementation requires three 
cipher stages, one might expect that the hardware cost 

35 would be three times as much as the standard imple- 
mentation. The cost of the invention in terms of silicon 
and hardware size is reduced by suitable design. By 
channeling information suitably in the hardware the cost 
of three cipher stages can be less than three times the 

40 cost of a single cipher stage, and hence the improve- 
ment in speed does not require an inversely proportional 
rise in cost. 

Furthermore, it should be noted that the actual time 
for one cycle in the current invention must be long 

45 enough so that the three cipher stages have time to con- 
clude within one cycle period. The currently preferred 
implementation is designed to perform at 33 Mhz with 
0.6 jum process technology, although greater speeds will 
become possible with improvements in silicon technol- 

50 ogy. This implementation yields a throughput of at least 
355 Megabits per second, obtaining a high perform- 
ance/price ratio. 

Figure 6 shows a circuit diagram of an exemplary 
cipher stage. At its most basic level, the DES algorithm 

55 is comprised of a combination of two fundamental tech- 
niques of encryption: confusion and diffusion. Accord- 
ingly, a cipher stage utilizes this principle by performing 
a substitution 601 in conjunction with permutations 602 
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and 603 on the plaintext, based on the key 604. Initially, 
the 64-bit block of plaintext is initially divided into a 32-bit 
left half (L) and a 32-bit right half (R). The letter V is 
used to designate the current iteration. Hence ; the Li-1 
block 605 represents the 32-bit left-half result of a pre- 
vious iteration. Likewise, the Ri-1 block 606 represents 
the corresponding 32-bit right-half result of that previous 
iteration. The Ri-1 data is input to the expansion permu- 
tation block 602. The expansion permutation expands 
the right-half of the data from 32 bits to 48 bits. Essen- 
tially this operation changes the order of the bits as well 
as repeats certain bits. The goal is to make the right-half 
the same size as the key for the XOR operation 607. 
Furthermore, it provides a longer result that can be com- 
pressed during the substitution process 601. Cryto- 
graphically, the expansion permutation 602 allows one 
bit to affect two substitutions. Consequently, the de- 
pendency of the output bits on the input bits spreads 
faster. DES is designed to reach the condition of having 
every bit of the ciphertext depend on every bit of the 
plaintext and every bit of the key as quickly as possible. 

At the same time, the 64-bit key 604 is transformed. 
It is reduced to a 56-bit key by ignoring every eighth bit. 
These bits can be used as a parity check to ensure that 
the key is error-free. After the 56-bit key is extracted, a 
different 48-bit subkey is generated for each of the 16 
cipher stages as follows. First, the 56-bit key is divided 
into two 28-bit halves, Next, shifters 608 and 609 circu- 
larly shift the halves to the left by either one or two bits, 
depending on the particular cipher stage. Thereupon, a 
compression permutation 610 is used to permutate the 
order of the bits as well as select a 48-bit subset of bits. 
Because of the shifting, a different subset of key bits is 
used in each subkey. Moreover, each bit is used in ap- 
proximately 14 of the 16 subkeys, although not all bits 
are used in exactly the same number of times. The re- 
sulting compressed key is then input to the XOR gate 
607. 

After the compressed key is XORed 607 with the 
expanded block, the 48-bit result is input to an S-box 
substitution 601. The substitutions are performed by 
eight different substitution boxes. Each S-box has a 6-bit 
input and a 4-bit output. The 48 bits are divided into eight 
6-bit sub-blocks. Each separate block is operated on by 
a separate S-box Each S-box is comprised of a table of 
4 rows and 16 columns. Each entry in the box corre- 
sponds to a 4-bit number. The 6 input bits of the S-box 
specify under which row and column number to look for 
the output. The non-linearity of the S-boxes renders 
DES secure. Next, the 32-bit output from S-box substi- 
tution 601 is permutated by the P-box permutation 603. 
This permutation maps each input bit to an output posi- 
tion. No bits are used twice, and no bits are ignored. In 
other words, a straight permutation is performed. 

The result from the P-box permutation 603 is 
XORed 61 1 with Li-1 605 to generate the right-half data 
Ri 61 2 for the current iteration. The left-half data Li 61 3 
for the current iteration is taken directly from the right- 



half Ri-1 606 of the previous iteration. Lastly, the shifted 
key 61 4 is used in the following iteration. 

Figure 7 illustrates an exemplary computer system 
700 upon which the present invention may be imple- 

5 mented or practiced. It is appreciated that the computer 
system 700 of Figure 7 is exemplary only and that the 
present invention can operate within a number of differ- 
ent computer systems including general purpose com- 
puters systems, embedded computer systems, and 

70 computer systems specially adapted for secure trans- 
missions. Computer system 700 of Figure 7 includes an 
address/data bus 709 for conveying digital information 
between the various components, a central processor 
unit (CPU) 701 for processing the digital information and 

15 instructions, a random access memory (RAM) 702 for 
storing the digital information and instructions, a read 
only memory (ROM) 703 for storing information and in- 
structions of a more permanent nature. In addition, com- 
puter system 700 may also include a data storage de- 

20 vice 704 (e.g., a magnetic, optical, floppy, or tape drive) 
for storing vast amounts of data : and an I/O interface 
708 for interfacing with peripheral devices (e.g., compu- 
ter network, modem, etc.). Furthermore, an encryption 
and decryption circuit 710 may be used to encode out- 

25 bound messages and decode received messages that 
were encrypted by the sender. Devices which may be 
coupled to computer system 700 include a display de- 
vice 705 for displaying information (e.g., channel grid 
map, vertical constraint graphs, weighting functions, 

30 feasible links, etc.) to a computer user, an alphanumeric 
input device 706 (e.g., a keyboard), and a cursor control 
device 707 (e.g., mouse, trackball, light pen, etc.) for 
inputting data and selections. 

The preferred embodiment of the present invention, 

35 is thus described. While the present invention has been 
described in particular embodiments, it should be ap- 
preciated that the present invention should not be con- 
strued as limited by such embodiments, but rather con- 
strued according to the below claims. 

40 

Claims 

1. A method for safeguarding data transmissions, 
45 comprising the steps of: 

inputting data to a first cipher stage of a plurality 
of cipher stages that are coupled in series, 
wherein the data is encrypted by each of the 
50 cipher stages and encrypted data generated by 

one of the cipher stages is input to a following 
cipher stage; 

feeding back an output from a last cipher stage 
of the plurality of cipher stages to the first cipher 
55 stage; 

cycling through the plurality of cipher stage N 
times; 
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selecting from one of the plurality of cipher stages 
as a final encrypted data for output. 

2. A method of encrypting or decrypting data ; compris- 
ing the steps of: 

a) inputting the data to an XOR gate; 

b) XORing the data with an output from a first 
cipher stage; 

c) multiplexing an output from the XOR gate 
with an output from a third cipher stage; 

d) storing an output signal from the multiplexer 
in a register; 

e) encrypting data stored in the register by the 
first cipher stage to generate a first encrypted 
block of data; 

f) generating a second encrypted block of data 
by a second cipher stage processing the first 
encrypted block of data; 

g) generating a third encrypted block of data by 
the third cipher stage processing the second 
encrypted block of data; 

h) repeating steps e-f five times; 

i) inputting a signal from the third cipher stage 
after the fifth time and taking the output signal 
from the first cipher stage such that the data is 
encrypted through sixteen cycles. 

3. The method of Claim 1 further comprising the step 
of XORing the data with an initial vector before the 
data is input to the first cipher stage. 

4. The method of Claim 3 further comprising the step 
of multiplexing between the output from the XOR 
gate and the output from the last cipher stage, 
wherein the output from the multiplexer is input to a 
register coupled to an input of the first cipher stage. 

5. The method of any one of the preceding claims 
wherein the cipher stages encrypt the data accord- 
ing to a plurality of keys which are different for each 
cipher stage of each cycle of the encryption proc- 
ess. 

6. The method of any one of the preceding claims 
wherein there are three cipher stages, N equals 5, 
and the final output is taken from the output from 
the first cipher stage, such that the data is encrypted 
sixteen times. 

7. The method of Claim 1 . wherein the cipher stages 
correspond to: 1) a cipher block chaining mode of 
operation; and/or 2) an output feedback mode of op- 
eration; and/or 3) a cipher feedback mode of oper- 
ation; and/or 4) a cipher feedback mode of opera- 
tion; and/or 5) an electronic codebook mode of op- 
eration. 



8. The method of Claim 1 , wherein the data is encrypt- 
ed and decrypted according to 16 cipher opera- 
tions. 

5 9. An apparatus for encoding or decoding data com- 
prising: 

an XOR gate for XORing the data with previ- 
ously encrypted data; 

70 amultiplexercoupledtotheXORgate, wherein 

the multiplexer selects between an output from 
the XOR gate and an output from a last cipher 
block as an input to a first cipher block; 
a plurality of cipher blocks coupled in series to 

15 the multiplexer, wherein the data is encrypted 

by each of the cipher stages and encrypted da- 
ta processes by one cipher stage is input to a 
following cipher stage; 

a feedback path coupled from an output of the 
20 last cipher stage to an input of the first cipher 

stage, wherein the data is encrypted N cycles 
through the plurality of cipher stages; 
an output register coupled to one of the plurality 
of cipher stages for storing the encrypted data. 

25 

10. The apparatus of Claim 9, wherein the previously 
encrypted data is comprised of an initial vector be- 
fore the data is input to the first cipher block. 

30 11. The apparatus of Claims 9 or 10, wherein the cipher 
blocks encrypt the data according to a plurality of 
keys which are different for each cipher stage of 
each cycle of the encryption process. 

35 12. The apparatus of Claims 9, 10 or 11 , wherein there 
are three cipher blocks, N equals 5, and the final 
output is taken from the output from the first cipher 
block, such that there are sixteen cipher cycles. 

40 13. The apparatus of Claims 9, 10, 11, or 12, wherein 
the cipher stages include data encryption standard 
cipher blockchaining, output feedback, cipher feed- 
back, and electronic codebook modes of operation. 
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